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ABSTRACT 


Work  during  the  past  few  years  by  Bauer  et  al.  of  MIT  Lincoln 
Laboratory  and  Bean  and  Thayer  of  the  NBS  Central  Radio  Propaga¬ 
tion  Laboratory  (CRPL)has  establish'd  the  superiority  of  a  negative- 
expcneniial  model  of  the  atmospheric  radio  refractivity  vs  height 
function,  compared  to  the  linearly  decreasing  refractivity  assumed 
by  the  well-known  4/3-eartb’s-ra  .us  method  of  accounting  for  ray 
bending.  However  various  values  of  the  zero-altitude  refractivity 
and  the  exponential  constant  may  be  used  in  the  exponential  model. 
For  many  purposes,  such  as  plotting  radar  coverage  on  a  range- 
height-angle  chart,  a  standard  assumption  for  the  atmospheric 
refraction,  corresponding  to  fixed  values  of  these  constants,  is 
desirable.  Various  factors  relevant  to  selection  of  such  a  standard 
are  discussed,  and  it  is  concluded  that  the  CP  PL  Exponential  Refer¬ 
ence  Atmosphere,  for  a  oirface  value  of  refractivity  N,  =  313',  is  a 
suitable  model.  A  chart  and  table  of  ray-path  range-height  values 
for  this  model  are  given. 
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A  NOTE  ON  SELECTION  OF  *N  ATMOSPHERIC  RE FRAC TIVITY 
MODEL  FOR  FAHAR  RA'-'GE-HEIGHT-ANGLE  CHARTS 


INTRODUCTION 

Until  about  three  year*  ago.,  the  general  practice  lor  calculating  ihe  rar'ar  range- 
height-angle  relationship  under  standard  .tmospheric  conditions  to  tollc.w  the  method 
of  Scbelleng.  Burrows,  and  Ferrell,  which  they  proposed  in  1933.  This  method,  known  as 
the  4/3-eann’:-'  - adius  pr.ncipie,  is  described  in  standard  texts  on  radio  engineering. 

The  basic  assumption  of  the  method  is  that  the  atmospheric  refractive  index  decreases 
linearly  with  height.  As  has  been  recognised  for  some  time  by  many  workers,  this 
assumption  leads  to  serious  errors  at  long  ranges  and  low  elevation  angles.  To  avoid 
these  errors,  Bauer  et  al.  (1)  proposed  in  1958  a  negative-exponential  model  of  the 
ref ractivity- height  function.  They  made  calculations  of  ray  paths  as  a  function  of  range 
and  height,  with  initial  ray  angle  as  a  parameter,  for  the  following  specific  model  of  the 
refractive  index: 


n(h)  =  1  +  0.000320  exp  <-0.03709  h)  (1) 

where  h  is  height  in  thousands  of  feet.  This  expression  will  hereinafter  be  referred  to  as 
Bauer’s  model. 

The  constants  of  this  model  were  chosen  to  approximate  atmospheric  conditions  in 
the  region  of  Washington,  D.C.,  in  April.  Bauer  also  gave  constants  for  similar  models 
applicable  to  January  and  July  conditions  at  the  same  location. 

Ground-to-air,  air-to-ground,  or  ground-to-ground  propagation  was  assumed,  and 
the  same  assumption  is  implicit  throughout  the  present  report.  That  is  to  say,  one  termi¬ 
nal  of  the  path  is  assumed  to  be  not  more  than  a  few  hundred  feet  above  the  earth’s  surface. 
(Possibly  100G  feet  would  be  a  suitable  arbitrary  limit.)  Here  and  in  all  of  the  discussion 
that  follows,  the  India*  ray  angle  is  the  angle  made  by  the  radio  ray  with  the  tangent  to 
ibe  earth's  (ideau-c-4'  surface  when  the  ray  height  is  rero.  The  “range"  from  this  zero 
point  of  the  ray  to  its  position  at  a  specified  height  is  the  distance  measured  along  the 
actual  ray  path.  Thus  these  two  quantities  correspond  to  the  angle  and  range  of  an  ele¬ 
vated  radar  target  as  observed  by  a  radar  located  on  the  earth’s  surface.  If  a  radar 
antenna  is  located  at  an  appreciable  height  above  the  earth’s  surface,  but  nevertheless 
low  enough  to  qualify  as  ground-based,  this  height  should  in  principle  be  added  to  the 
computed  ray  heights.  (Bauer's  calculations  assumed  an  antenna  height  of  168  feet,  so 
correction  to  bis  figures  should  be  made  for  fhe  difference  between  the  actual  antenna 
height  and  this  assumed  height.  In  the  other  calculations  of  ray  paths  considered  in  this 
report,  the  ray  height  is  expressed  relative  to  the  antenna,  or  origin  of  the  ray.) 

The  ray  paths  comfxited  for  measured  atmospheric  conditions  were  compered  by 
Bauer  with  the  purely  theoretical  results,  and  it  was  shown  that  the  agreement  was  very 
good,  although  for  Bauer’s  April  model  the  disagreement  was  significant  in  warm  humid 
weather  at  angles  below  2  degrees,  as  might  be  expected.  Obviously  no  single  model  will 
fit  all  possible  atmospheric  conditions,  although  above  2  degrees  »he  April  model  works 
very  well  at  all  seasons.  Overall,  the  exponential  model  was  shown  to  be  greatly  superior 
to  the  VS-ear’h’s-radius  assumption. 
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To  facilitate  plotting  radar  coverage  diagrams,  and  for  other  similar  applications,  a 
range-belftut  chart  is  desired  in  which  the  ray  paths  appear  as  straight  lines,  although  in 
the  actual  atmosphere  they  curve  downward.  Such  a  plot  is  automatically  obtained  with 
the  Scbelteng-Burrows-  Ferrell  method  if  the  earth’s  surface  is  plotted  with  a  radin®  of 
curvature  e^ual  to  4/3  the  true  value,  hence  the  name  4/3-earth’s- radius  principle,  a 
chart  having  this  straight-ray-path  property  is  not  as  simply  ohfc>!r..~.d  the  exponential 
refractivity  odel,  but  one  has  been  devi®_;I  •».  ucstnuea  by  Clarke  and  Blake  (2),  and 
applied  to  the  -.suit:  ^lcula’c^  by  Bauer.  The  resulting  chart  has  been  incorporated  into 
a  method  of  rau.  -  ranpe  a,id  coverage  calculation  (3).  The  range,  height,  and  angle  limits 
ft!  that  cha*-t  ueie  »Z'.  nautical  miles,  100,000  feet,  and  30  degrees.  This  height  limit 
represents  the  maximum  of  the  values  published  by  Bauer. 

A  comprehensive  study  of  atmospheric  refractivity  models  has  been  made  by  Bean 
and  Thayer  who  have  presented  the  results  of  extensive  calculations  of  ray  paths  (5) 
for  exponen'  ba  models  with  different  values  of  the  surface  refractivity  and  exponential 
constant.  For  general  r:  Jio  and  radar  engineering  purposes,  however,  it  is  desirable  to 
have  a  single  specific  model,  to  be  used  without  regard  to  season  or  geographic  location. 
The  selection  oi  such  a  model  is  the  problem  considered  in  this  report. 

Some  of  the  views  expressed  as  to  criteria  for  selecting  a  model  are  controversial, 
and  ibe  reader  is  cautioned  that  ultimately  a  standard  model  or  models  of  atmospheric 
refraction  other  than  the  one  suggested  here  may  be  adopted  by  the  engineering  profes¬ 
sion.  In  the  meantime,  however,  there  is  a  great  need  for  an  immediate  interim  standard, 
in  the  author’s  opinion.  The  former  standard,  based  on  the  4/3-cartb’s-radius  principle, 
has  been  shown  to  be  unacceptable  for  long-range  low -elevation -angle  applications.  The 
general  form  of  an  improved  model  has  been  established,  but  a  specific  model  has  not 
been  adopted  as  a  standard.  This  report  proposes  a  model  to  meet  this  interim  need. 

SELECTION  OF  A  SPECIFIC  EXPONENTIAL  MODEL 

The  author  has  been  advised  by  B.  R.  Bean-  of  the  National  Bureau  of  Standards 
Central  Radio  Propagation  Laboratory,  Boulder,  Colorado,  that  the  model 

n(b)  =  1  *  0.000313  exp  (-0.04385  h)  (2) 

where  again  h  is  in  thousands  of  feet,  is  based  on  a  surface  value  of  refractivityt  obtained 
by  averaging  about  2  x  1C*  observations  from  about  70  weather  stations  over  the  United 
States  for  a  period  of  8  years.  The  exponential  constant,  0.04385,  originally  given  by 
Bean  as  0.143859  for  h  in  kilometers,  conforms  to  the  pattern  described  (4,5)  as  the  CRPL 
Exponential  Reference  Atmosphere,  which  has  been  designed  to  agree  with  observed  values. 
This  model,  Eq.  (2),  will  hereinafter  be  referred  to  as  the  CRPL  model. 

The  average  altitude  of  the  weather  stations  whose  observations  were  averaged  is 
about  700  feet.  For  naval  use,  a  model  based  on  sea-level  conditions  would  seem  more 
appropriate.  Also,  a  model  that  is  some  sort  ot  an  average  over  the  whole  world,  rather 
than  the  United  States,  would  be  desirable.  However,  choosing  a  single  model  acceptable 
to  the  entire  radio  engineering  community  is  of  even  greater  importance  than  choosing 
one  especially  suited  to  naval  shipboard  applications,  to  provide  a  common  basis  for 
specifying  such  things  as  the  vertical  coverage  pattern  of  a  radar.  If  such  a  common  basis 
is  established,  misunderstandings  are  avoided,  and  even  though  this  basis  does  not  apply 
exactly  to  all  parts  of  the  wo.  Id  at  all  times,  coverage  plotted  on  the  standard  basis  can 
be  correctly  interpreted,  and  revised  to  apply  to  special  conditions  if  necessary.  Of 
ccxirse,  it  is  nevertheless  desirable  that  the  standard  be  as  representative  as  possible  of 
typical  or  average  conditions. 


•In  a  private  con  munication  dated  Dcccn.be  r  8,  1960. 

TRefractivitv  :s  here  defined,  as  clsevihc.,:,  hs  N(h)  5  [n(’:it  -  1 J  *  10*  .  Her.re  the  surface 
refractivity,  ;  N(0|,  in  the  model  of  Eq.  (2)  is  ill. 
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Fil*.  1  -  Straight -ray-path  plot  of  range -height-angle  values  for  the 
CRPL.  Exponential  Reference  Atmosphere.  Ns  -  S13 


On  the  basis  of  this  type  of  reasoning,  this  CRPL  model  was  used  for  a  radar  range- 
height-angle  straigfct-ray-path  chart  included  as  part  of  a  recent  paper  on  radar  range 
calculation  (6).  This  chart  is  also  shown  in  the  present  report,  as  Fig  1 

Bean  and  Thayer  (5),  in  NBS  Monograph  4,  have  published  tables  of  values  for  this 
model.  The  units  used  are  kilometers  and  roilliradians-  For  most  military  applications 
a  chart  is  desired  with  range  in  nautical  miles,  height  in  thousands  of  feet,  and  angle  in 
degrees.  To  obtain  the  required  values  for  plotting  Fig.  1  from  the  NBS  tables  would  have 
required  interpolation,  with  possible  loss  of  accuracy.  Since  the  digital  computer  program 
for  ray-path  calculation  had  already  been  set  up  before  existence  of  the  NBS  tables  became 
known,  the  values  for  Fig.  1  were  obtained  by  direct  calculation  with  the  NRL  NAREC 
computer.  The  basic  theory  of  such  calculations  is  described  by  Bauer  (l).  Bean  and 
Thayer  (4),  :  rthri  s. 

Although  Fig.  1  extends  only  to  an  altitude  ol  100,000  feet  and  to  350  miles,  valves 
were  calculated  up  to  an  altitude  of  10*  feet,  corresponding  to  a  range  of  1120  nautiril 
miles  at  zero-degr.-«.  elevation  angle.  Table  1  contains  tuv  entire  set  of  calculated  values. 

It  should  be  noted  that  the  altitude  of  10*  feet,  which  is  about  165  nautical  miles,  is  well 
above  the  lower  limit  of  the  ionosphere,  so  that  the  ray  paths  computed  are  not  correct 
-‘xnre  this  limit  at  Irequenrirs  aflected  by  the  ionosphere.  That  is,  values  in  Table  1 
for  altitudes  above  about  ',sf',ii0C  feet  are  not  correct,  >r  *,•.  ..oral,  at  the  lower  frequencies. 
Above  about  1000  megacycles  the  ionosphere  has  no  appreciable  effect,  ordinarily.  However, 
Table  1  can  probably  be  used  in  its  entirety  with  negligible  error  due  to  the  ionosphere 
above  about  500  megacycles  (7). 

It  is  intended  that  a  chart  will  be  constructed, the  near  future,  that  will  make  U3e 
of  this  full  set  of  values,  preserving  the  straight-ray-path  feature,  with  partially  loga¬ 
rithmic  range  and  height  scales.  Such  a  chart  should  have  acceptable  accuracy  at  ail  range 
and  height  values  without  excessive  overall  physical  size. 
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During  preparation  of  this  report  he  author  L*t>  learned  that  Dean  Moore v  of  Gilfillaii 
Bros.,  Inc.,  Los  Angeles,  Calif.,  has  ii  Jependentiy  seicctea  the  same  atmospheric  refrac- 
tivity  model  as  a  standard  for  use  in  a  radar  development  project.  Moore  has  also  con¬ 
structed  a  straight-line- ray-path  chart  patterned  after  the  one  based  on  Bauer’s  model  (2), 
for  this  CRPL  model,  extending  to  400  lautical  miles  and  an  altitude  of  200,000  feet.  A 
copy  of  another  chart  based  on  Bauer's  results,  extended  to  a  range  of  450  miles  and  an 
altitude  of  150,000  feet,  has  teen  rccei  from  A.  -J.  Orlando t  of  Lockheed  Electronics, 
Plainfield,  N.  J.  The  additional  values  -  tre  computed  in  accordance  with  Appendix  A  of 
Bauer’s  report  (1). 


COMPARISON  WITH  OTHER  MODELS 

Comparison  of  ray  path  values  base-!  on  the  two  models  (Bauer’s  and  CRPL)  indicates 
that  the  difference  are  not  great.  For  example  at  350-mile  range  the  zero-degree  ray 
has  an  altitude  of  about  90,000  feet  for  Bauer’s  model  and  about  87,000  feet  for  the  CRPL 
model.  The  ray  height  computed  at  this  range  for  the  4/3-earth's-radlus  model  is  approx¬ 
imately  81,000  feet.  Thus  the  CRPL  model  produces  slightly  greater  low-angle  ray  bending 
than  Bauer’s  model  in  spite  of  its  slightly  smaller  surface  refra.**vif. ,  because  oi  its 
greater  exponential  constant.  It  is  therefore  a  somewhat  better  compromise  between 
coal  oc  cold  weather  and  warm  weather  conditions  than  is  Bauer’s  April  model. 

Bauer’s  model  conforms  quite  closely  to  the  4/3-earth' s-radlu*  model  at  low  nli.tude*. 
This  conformance  is  regarded  in  some  circles  as  a  virtue  in  an  exponential  model  for 
general  use,  because  it  provides  for  an  overlap  between  the  new  and  old  models  and  allows 
use  of  either  model  at  low  altitudes  with  the  same  results.  In  fact,  according  to  L.  R.  Bean.t 
tne  international  Radio  Consultative  Committee  of  the  International  Telecommunication 
Union  has  recommended  a  model  based  o*  C.is  criterion.  This  model  is  also  a  CRPL 
Exponential  Reference  Atmosphere  with  different  values  of  the  constants  than  those  of 
Eq.  (2);  when  expressed  for  h  in  thousands  of  feet  it  is 

n(h)  =  1  ♦  0.000289  exp  (-0.04145  h).  (3) 

It  is  thus  evident  that  conformance  to  the  4/?- earth's- radius  principle  at  low  altitude  may 
be  achieved  in  an  exponential  model  with  many  different  combinations  of  the  surface  rcfrac- 
tivity  and  exponential  constant,  Eq.  (3)  having  the  particular  values  that  also  conform  to 
the  pattern  of  the  CRPL  Exponential  Reference  Atmosphere. 

The  asserted  advantage  of  this  conformance  is  that  the  4/3-ear Ih's-radius  principle 
could  still  be  used  in  ground-wave  (low  altitude)  calculations  and  the  results  would  be  the 
same  as  if  the  exponential  model  were  used.  But,  the  results  would  disagree  only  slightly 
with  those  ol  the  Sg  -  313  CRPL  model,  and  it  this  disagreement  is  deemed  serious,  it 
could  be  eliminated  by  changing  the  4/3  factor  to  a  value  that  would  produce  agreement. 

The  necessary  factor  would  be  about  1.4,  corresponding  to  a  7/5- r  «rtb  s-radtus  principle. 

In  the  author’s  opinion,  the  primary  consideration  should  be  the  statistics  of  the  actual 
atmosphere.  As  shown  by  Fig.  9  of  Bean  and  Thayer's  paper  (4),  the  4/3-earth’s-radius 
principle  ‘is  systematically  in  disagreement  with  average  bending;  at  low  heights  it  gives 
too  little  bending,  and  at  high  altitudes  it  gives  too  much.’  It  is  oossiblv  a  «*ood  •  -”rcsen- 
tation  of  average  bending  in  the  first  few  thousand  feet  ox  _inx>»pjere,  out  die  7/a-earth's- 
radius  would  probably  be  better  for  v* •-  iow-alUtude  calculations. 


‘Private  •-omncinicatior  tf-Mc-i  >br-  i.  I0" 
tPrivatc  communication  dated  Marc  w).  i'>o| 
t Private  cammunication  dated  Dccc  r  8,  IVo’J. 
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Thus  ruling  on*  conformance  10  the  4/3-earth’s-radius  principle  at  2ero  height  as  an 
absolute  criterion,  .he  CRPL  model,  Eq.  (2),  seems  to  be  a  good  choice  lor  general  radar 
coverage  calculations.  Ii  is  representative  of  average  conditions  over  the  United  States, 
and  since  the  United  States  is  intermediate  in  location  between  tropic  ana  ai  :ic  regions, 
it  is  probably  a  fair  average  for  all  latitudes. 

There  arc,  however,  some  objections  to  the  CRI'L  model  of  Eq.  (2)  other  than  its 
nonconformar.ee  to  the  4/3-earth’s-radius  principle.  As  pointed  out  to  the  author  by 
J.  R.  Bauer’  cf  MIT  Lincoln  Laboratory,  the  CRPL  model  of  Eq.  (2)  Is  based  on  an  average 
which  includes  summer  conditions,  often  characterized  by  a  highly  erratic  lay“r  structure 
of  the  first  few  thousand  feet  above  the  surface,  and  by  abnormally  high  mu—  gradients. 
Under  these  conditions,  the  standard  deviation  of  ray-path  height  and  the  total  ray  bending 
are  both  considerably  greater  than  in  cooler  weather,  as  Bauer  has  shown  (1).  Hence  a 
model  based  on  this  kind  of  an  average  has  less  value  for  accurate  target-height  determi¬ 
nation  at  any  time  than  one  based  on  more  restricted  conditions.  Bauer  feels  that  inclusion 
of  summ-rtimo  data  in  the  averaging  results  in  an  unrealistically  high  value  of  lhe  expo¬ 
nential  constant.  To  avoid  the  degradation  of  predictability  of  a  cooler-weather  model 
that  results  when  a  year-round  average  is  taken,  he  suggests  the  possibility  of  having 
separate  models  for  warm  and  cool  seasons.  A  cool- weather  model  which  gives  good 
prediction  accuracy  over  a  large  part  of  the  year  in  temperate  climates,  and  also  in  warm 
weather  at  angles  above  about  two  degrees,  is  shown  in  Fig.  2.  This  chart  represents 
Bauer’s  model,  Eq.  (1),  and  was  constructed  on  the  basis  of  his  published  ray-path 
calculations  (1,2). 

Bauer's  arguments  arc  impressive,  and  they  emphasize  the  controversial  nature  of 
this  matter  as  mentioned  in  the  introduction.  In  evaluating  some  oi  these  arguments,  it 
should  be  realized  that  the  application  contemplated  for  charts  of  the  type  of  Figs.  I  and  2 
is  the  plotting  of  radar  coverage  diagrams,  without  specific  reference  to  the  time  and 
place.  Such  a  chart  is  not  intended  for  radar  height  finding  at  a  particular  time  and  place, 
and  should  not  be  so  used.  That  application  requires  a  number  of  models  from  which  one 
may  be  chosen  to  suit  the  specific  conditions  observed  or  estimated  to  exist.  Statistical 
averages  over  all  times  and  places  are  inappropriate  ter  the  purpose.  But  as  a  basis  for 
a  standard  radar  coverage  plotting  chart,  a  statistical-average  model  is  possibly  mere 
appropriate  than  one  mat  applies  to  a  particular  time  and  place. 

Bauer  has  also  formulated  models  (1)  that  apply  to  January  and  July  conditions  in 
Washington,  D.C.  The  January  model  is  virtually  the  same  as  the  April  model,  having 
almost  insignificantly  smaller  surface  refrartivity.  The  July  model  is: 

n(b)  =  1  ♦  0.000366  exp  (0.0431  h).  (4) 

It  is  noteworthy  t'.iat  the  exponential  constant  of  this  July  model  is  smaller  than  that  of  the 
CRPL  year-rourd-average  model,  Eq.  (2),  illustrating  the  basis  of  Euucr’s  view  that  the 
CRPL  exponential  constant  is  enrealisticaliy  high.  On  the  other  hand  it  is  also  noteworthy 
that  the  CRI’L  model  results  in  a  surface  gradient  of  the  refractive  index  that  is  inter¬ 
mediate  between  the  gradients  of  Bauer’s  April  model,  Eq.  (1),  and  his  July  model,  Eq.  t-i). 

The  statistical  nature  of  the  earth's  surface  and  the  atmosphere's  behavior  ailows 
various  viewpoints  as  to  the  proper  ground  rules  for  computing  average  behavior  -  i.e., 
whether  it  should  be  computed  for  sea  level  or  for  average  terrain  height,  etc.  But,  this 
same  statistical  nature  insures  that  however  «uch  questions  are  decided  within  broad 
limits, any  reasonable  exT-'n^ntial  model  will  L-li  within  the  range  of  variation  encountered. 


’In  a  nrivatc  communication  '-ateu  Aprii  14,  l^M.  fterc  onl'-  a  b r;« !  rr..*r  o!  IViucr  - 
comments  arc  K*v< ",  its  •»h.ch  it  is  hoped  the  c»»c*Um1  joir1  »  are  cm v red. 
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rig.  2  -  Straight -ray-p*'h  plot  of  rang* -height -angle  values  for  Bauer’s 
refractive -index  modal,  for  April,  Washington,  D.C. 


Tberefo*~(  ^ ! ' 'tough  the  model  ahouM  be  as  representative  u  possible,  noma  compromises 
n.u  ;  i  *,  accepted  if  the  desirable  soil  of  a  single  modal  for  general  ua«  la  to  ba  achieved. 
It  la  on  uila  baa  la  that  tha  CK°l,  modal,  Kq.  (3),  la  conaldarad  cut  labia,  and  ia  auggaatad 
for  Intarim  uaa  in  radar  coverage  plotting  pending  consideration  of  tha  mattar  and  adop¬ 
tion  nr  «n  official  atandard  by  an  appropriate  agency, 

ha  and  of  thia  report  a  j..,.vable  copy  of  the  rarga- height  chart  for  thia  model 
■!  ‘i  b*  f'»md.  Thia  copy  m*v  I  ■  •  eproduced  without  apeciflc  permission.  fA  almllarly 
re.r  —  *.bMf  and  raproduciblo  chart  Bouor'a  modal,  fig.  t,  waa  provided  in  an  aarllar 
Nh  L.  tapnrt  (3).)  If  chnrtc  are  -  «ti  d  covering  other  limit*  of  range,  height,  and  angle, 
th*7  iimv  he  cone  true  tad  by  la.  w.»  ”v>d  described  in  Ref,  t  from  Table  1,  if  the  unite 
da  tircjf  me  nautical  miles,  *r  1  dagraaa.  If  a  chart  in  (arms  of  kilometer*  and 
mUllradlanf  ia  dealreU,  tabiaa  jf  value*  will  ba  found  in  Nils  Monograph  4,  Ref.  3. 
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step  toward  the  fullest  utilization  o'  their  important  work,  especially  as  it  applies  to  the 
design  and  operation  of  radar  systems.  The  same  statement  applies  to  earlier  publica¬ 
tions  (2,3,6)  in  which  some  of  this  material  has  appeared.  Special  thanks  are  extended  to 
B.  R.  Bean  and  J.  R.  Bauer  for  their  helpful  replies  to  queries  concerning  the  problem  of 
select'*.?  a  spe  -ific  refractivity  model 
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Computation  Center,  and  especially  of  Mrs.  Dolores  Mi  to,  in  the  programming  for  the 
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Table  1 

Ray  Pains  Calculated  for  Proposed  Standard  Model  ol  Atmospheric  Refractive  Index 
(CRPL  Exporential  Reference  Atmosphere  for  Ns  =  313) 


Values  of  range  in  nautical  miics.  for  ray  of  specified  initial  elevation  angle, 

at  selected  heights 
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Table  J  (Continued) 

Hay  Paths  Calculated  for  Proposed  Standard  Model  of  Atmospheric  Refractive 
Index  (CRPL  Exponential  Reference  Atmosphere  for  Ns  3  313) 

Values  of  range  in  nautical  ,ie- .  for  ray  of  specified  initial  elevat'en 
angle,  at  selected  heights 


Initial  Elevation  Angle  (degrees) 


(feet) 

.. 

30 

50 

60 

70 

80 

- — 

90  j 

1,000 

0.389 

0.329 

0.256 

0.215 

0.190 

0.175 

0.167 

0.165  ! 

2,000 

0.779 

0.658 

0.512 

0.430 

0.380 

0.350 

0.334 

0.329 

3,000 

1.168 

0.987 

0.768 

0.644 

0.570 

0.525 

0.501 

0.494 

4,000 

1.557 

1.31C 

1.024 

0.859 

0.760 

0.701 

0.669 

0.658 

5,000 

1.946 

1.345 

1.280 

1.074 

0.950 

0.876 

0.836 

0.823  j 

6,000 

2.335 

1.974 

1.536 

1.289 

1.140 

1.051 

1.003 

0.987 

7,000 

2.724 

2.303 

1  792 

1.504 

1.330 

1.226 

1.17. 

1.152 

}  8,000 

3.113 

2.632 

2.048 

1.719 

l.S*.U 

1.401 

i.337 

1.317 

9,003 

3.502 

2.961 

2.304 

1.933 

1.71C 

1.576 

1.504 

1.481 

10,000 

3.891 

3.290 

2.560 

2.148 

1.900 

1.751 

1.671 

1.6*16 

20,000 

7.775 

6.576 

5.118 

4.296 

3.800 

3.503 

3.342 

3.292 

30,000 

11.65 

9.858 

7.675 

6.443 

5.700 

5.254 

5.013 

4.937 

j  40,000 

15.52 

13.14 

10.23 

8.589 

7.600 

7.005 

6.885 

6.583 

|  50,000 

19.38 

16  41 

12.78 

10.74 

9.499 

8.756 

8.356 

8.229 

60,000 

23.24 

19.68 

15.34 

12.88 

11.40 

10.51 

10.03 

9.875 

j  70,000 

27.08 

27.94 

17.89 

15.02 

13.30 

12.26 

11.70 

11.52 

i  80,000 

1  ’ 

30.92 

26.20 

20.43 

17.17 

15.20 

14.01 

13.37 

13.17 

i  90,000 

34.75 

29.46 

22.98 

19.31 

17.09 

15.76 

15.04 

14.81 

100,000 

38.57 

32.71 

25.53 

21.45 

18.99 

17.51 

16.71 

16.46 

200,000 

76.35 

64.97 

50.89 

42.83 

37.95 

35.01 

33.42 

32.92 

300,000 

113.4 

96.82 

76.09 

64.15 

56.8« 

52.50 

50.13 

49.37 

j  400,000 

149.6 

128.3 

101.1 

85.39 

75.79 

69.97 

66.83 

65.83 

j  500.000 

185.5 

159.3 

126.0 

.  .6 

94.66 

87.44 

83.53 

82.?'.* 

|  600.000 

220.6 

190.0 

150.8 

127.7 

113.5 

104.9 

100.2 

98.75 

700,000| 

255.1 

220.4 

175.4 

148.7 

132.3 

122.3 

116.9 

115.2 

'  800,0001 

'289.2 

250.4 

199.8 

169.7 

lbi.l 

139.8 

133.6 

131.7 

900.000 

1322.7 

280.1 

224.1 

190.7 

169.9 

157.2 

150.3 

i 

S«».l 

1,000,003 

355.7 

L 

309.5 

-  - 

248.3  j  211.5 

18b. 6 

174.6 

L 

167.0 

164.6 
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